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ABSTRACT

We propose a simple extension of the standard model in which the neutri-
noless double B-decay is a tree level effect mediated by Higgs bosons and the
neutrino mass begins to appear in the two-loop diagrams. The model also con-
tains a massless majoron, i.e. the Goldstone boson of the global symmetry of
the lepton number, which is spontaneously broken at a scale close to that of the
electroweak interaction. No unnaturally huge or tiny new scales are evoked. The

majoron coupling to the fermions is also one—loop suppressed.
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Introduction. The relationship between the neutrinoless double A-decay ,
(BB)ov, and the neutrino mass has been a subject of constant theoretical in-
terest. The questions can be posed at two different levels. First of all, one can
ask, if the electron neutrino is massless or of massive-Dirac type, can (88)a
occur? Or, the converse question, if (38)a occurs, can the electron neutrino
avoids a Majorana mass? The answers to both questions are negative.1 That is,
the existence of (0)n implies in principle that the electron neutrino has non-
zero Majoroana mass, and vice versa. This is because given a six fermion vertex
responsible for the non-vanishing (88)o,, one can construct a four-loop diagram
that, barring from accidental cancellation, will give rise to non-zero Majorana
mass for the electron neutrino. On the other hand, given a non-zero Majorana
electron neutrino mass, a non-vanishing (38)q, will arise through the diagram

in Fig. 1 which we shall call the “standard” contribution.

Given this situation, one then ask whether it is possible to construct a model
in which the standard contribution is not the main source to the (43)q,. Many
attempts have been made. However all the discussions in the literature so far
involve either a new scale’ or new fermions® or both. In this paper, we like
to demonstrate that by a simple extension of the Higgs sector of the standard
model one can arrive at an elegant model in which the (88)q, is mainly due to a
Higgs—mediated diagram. This is* because the neutrinos are massless at the tree
level and begin to pick up non—zero masses at the two—loop level while the Higgs—
mediated (50 )o, is a tree level effect. The simplest model contains a global lepton
number symmetry which is spontaneously broken near the electroweak scale. No
new scale or new fermions are required in the model. A massless Goldstone boson,

the majoron J, exists as the remnant of the orignial lepton number symmetry.
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Majoron couplings to the fermions are one—loop suppressed. It is also interesting
to discuss what happen if one dos not impose the lepton number symmetry. In
that case, the tree level Higgs—mediated (33)¢, and the one-loop level neutrino

mass involve completely independent lepton number breaking parameters.

Model. For simplicity, our discussion will use orﬂy one generation of fermions in
the SU(2)f x Y (1)y model unless otherwise specified. In the Higgs sector, in ad-
dition to the usual doublet ¢, we add two singlets, A and k4., and one complex
triplet T with zero hypercharge (Y = 0). The model is a hybrid combination of
two models appeared in Ref. 5. Note that the triplet we have used has different
hypercharge compared with the triplet that occurs so often in the discussion b2

of (B8)w. The definition of the majoron model is completed by imposing the

lepton number L:

L(¢) =0, L(¥r) = L(er) = 1,

L(k4+)=-2, L(hy)=L(T)=-1 .

Here ¥ = (u,e)’f. With this lepton number symmetry, the allowed Yukawa

couplings are:
Ly = (V2me/va)ddrer + gecksrehCer + hoc. (1)
and some of the crucial scalar self-couplings are
L =" 7¢-Th* + Mhih k', +he. (2)

For later discussion, other interesting couplings that are forbidden by the sym-



metry of the lepton number are
Lx =p’T?+ ah pICYL + 76T + hec. (3)

Note that the lepton number of h is different from that in the the models of Refs.
6 and 7. It is defined so that the crucial trilinear coupling h h k"  is present.
The SU(2); x U(l)y gauge symmetry and the lepton number global symmetry
are spontaneously broken by (¢) = v3/+/2 and (T) = v;. The experimental
uncertainty in p parameter translates into the upper bound (v3/v3) < 0.04. In

all the subsequent numerical estimate, we will advocate
vy~ 0.04 vy, (4)

so that the neccesity of a new unnatural scale is avoided.

The unphysical neutral Higgs, which is absorbed by the Z boson, is purely
Im(¢po) because the neutral component Ty of the triplet T does not carry I3
charge. More crucially, the unphysical charged Higgs w. (to be absorbed by

W ) is a linear combination of ¢4,T and T,
Wy = (’U% -+ 8’0%)_%('02(1)_*. + 2’03T.|. — 2’!)3Ti) . (5)

Due to the quartic coupling A in Eq. (2), the vacuum expectation values (v.e.v.)
induce a mixing between ¢ and h., and this effect is essential for the neutrino
mass generation and the neutrinoless double S-decay. The physical charged
Higgs bosons (H.,i = 1,2, 3) are linear superpositions of ¢,,7,,T" and h.
The masses of H™ are obtained by the diagonalization of the mass matrix from

the Higgs potential. We notice that the tachyon problem exists in the charged



Higgs sector. However, the tachyon problem can be easily cured by adding a
gauge singlet s with global lepton number in this model. This is achieved by the
additional interactions s27'% and ¢!7¢-T's for L(s) = 1 as shown in the appendix.
The rnajorbn is then composed of only two pieces InTy and Im s to all orders

in perturbation.

Neutrino mass. The leading contribution to the neutrino mass begins at the
two—loop level as shown in Fig. 2. The mixing between ¢, and k. plays an
important role here. The unphysical Goldstone boson w. cannot contribute
because of the absence of the hy component in Eq. (5). From the unitarity
condition and Eq. (5), the physical charged Higgs boson H" contains a small
component of ¢ about the size v/2v3/vy . The ultraviolet divergence of the
diagram in Fig. 2 is absent for the reason of the GIM mechanism® in the charged
Higgs sector. If the charged Higgs bosons H;* have a degenerate mass, their finite
contributions will also exactly cancel each other. Based on dimensional counting,

the electron neutrino mass is

. = D) (22 (2

2
1672 > Gee M, (6)

V2 v2

where D denotes the uncertainty in this estimate and is expected to be of order
one when the masses of H i+ are not degenerate and they are of the same order

of magnitude as my. This gives
my = (2.7 x 107 eV)D(gee M /250 GeV)

which is far smaller than the bound m, < 1 eV from the (88)n data’ of

BGe —» 75Se.



Neutrinosless double §-decay. The leading tree-level mechanism for the
(BB8)a is demonstrated in Fig. 3. If also involves the mixing between ¢ and

h, which is moderately suppressed by (\/iv;;/'vz). The effective Hamiltonian for
(B8)ow is

Heg = Go(dpup)?ehCer + hec. | (7)

with

Gy — <\/’2‘mq>2<912\4)(29271]i)2 (8)

v mj My

Knowing that the mixing amplitude Uy; is about the size v2v3/ve, we estimate
the last term in the above equation by the generic mass scale m . of the singly

charged Higgs bosons, i.e.

The lifetime 7(88)o of (33)a is proportional to the square of

(Gamp/GE) (fIQl)

with the dimensionless nucleus matrix element (f|Qal¢) defined in Ref. 2. Note
that G is very semnsitive to the charged Higgs masses from the propagators while
the neutrino mass is not as the dependence is tamed by the loop integrations for
mi ~ m. To see how large the Higgs contribution can be, we have to look for
the experimental constraints on mpg+ and mj. In the lowest order, the singly
charged Higgs boson H; only couples to fermions through the mixing with ¢ ..

Therefore, there is no strong constraint on its mass other than that from the e te™



collider experiment at PETRA which gives Mps+ 2 20GeV . The constraints on
my, and its coupling ge. have been analyzed by Babu® If one assumes that the
flavor changing coupling k4. is very small, then the value of 20 GeV can also
be taken as the lower bound for mj. Therefore the amplitude ratio of the Higgs

contribution to the standard contribution for (383)q, is of the order

2v2(Mg\ 2 mMemy (f1Qald)
(16x%)2() mZImiGE (F10, )
(f1Qali)

~2 x 10°2L7A 5 g
P

with the current quark mass mgy >~ 15 MeV, the charged Higgs generic mass

(10)

my >~ 20 GeV and my; ~ 50 GeV. For a lengthy review of the nucleus matrix
element, see Refs. 10, 11 and 12. Most of the attention in the literature has been
paid to the nuclear matrix element 47 (f|Q,|z) ~ 1 for the standard neutrino
contribution.  To estimate the Higgs contribution to (883)a,, the most serious
uncertainty comes from the nuclear matrix element (f|2a[z). It has been studied

only for the process *8Ca — 8Ti. In different nuclear models and calculations,

it varies,
4 (f|Qalt) ~284 (Ref. 12) ,
(11)
~106 ~ 263 (Ref. 13) .
The experimental bound for the process 8Ca — 8Ti is translated 212 into
[(Gamp/GE ) (FIQ0AlE) |2 < 0.62 x 1078 .
In this model, it becomes
. geeM 5OGCV 2 ZOGCV 4
< .
r (1000) (50007 ) (T ) (S) < 790 (12)

Therefore the Higgs contribution can be close to the experimental upper bound



for ¥8Ca — “8Ti. It would be interesting to obtain a better bound if the nuclear

matrix element (f|Qal:) for the process9 "Ge — "6Se is available.

Majoron. One may worry that breaking the lepton number symmetry at such a
moderate v.e.v. vz will conflict with the known astrophysical constraint like the
stellar energy loss due to the majoron emission.* That is not true because the
majoron coupling to fermions are suppressed by the one—loop effect just like that
in the models of Ref. 5. A typical diagram for such coupling is given in Fig. 4.
This part of the phenomenology is not much different from those in Ref. 5. The
ordinary neutral physical Higgs boson H, is invisible "° in this model, because it

can decay mainly into two majoron JJ.

Neutrino oscillation. If the Yukawa couplings of k. to the leptons are flavor
diagonal, then the neutrino mass matrix will be diagonal also. This feature is
distinguished from that of the Babu’s model ®. Since we have assumed the Yukawa
couplings of k., are almost diagonal in order to allow a low mass value for k.,
the neutrino oscillation will be negligible. Therefore, observations of both the

neutrino oscillation and the (88)o, will pose a serious problem for this model.

Explicit breaking. If we remove the requirement of the lepton number symme-
try in the Lagrangian, the previously forbidden terms in Eq. (3) will be present.
We can further make the model more economical by using the real triplet instead
of the complez one. The a term in Eq. (3) gives an one-loop Majorana neutrino
mass matrix, which is off~diagonal and antisymmetric in the manner of the Zee’s
model'® The Higgs—mediated (35 )o, occurs, as before, at the tree level. There-
fore m, and (88)o, involve different lepton number breaking parameters. The
presence of the u term in Eq. (3) can evade the tachyon problem even without

introducing a gauge singlet s as in the above study of the H™ masses.



Conclusion. We have shown a simple majoron model in which the (88)g, is
mainly mediated by the Higgs exchange at the tree level and the neutrino mass
begins to appear at the two-loop diagram. The model does not require any new

and unnatural scale other than that of the electroweak interaction.
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Appendix

We will analyze the Higgs potential of the model and show that the vacuum

we used is indeed a minimum. The Higgs potential can be written as

H(¢, Tyhy,kit,s) = —pgs*s + )\O(s*s)2 + ,u,fh*h + Xq(h*h)?
~ p36'6 + Aa(819)? — u3TIT + A5(T1T)? + Ny(THT)?
+A12h hedld + Ash* RTTT + AgsTTT ¢t ¢ + Ny, THT - o779
+ (AT 79 - Th* + B1T%% + V2829176 - Ts + h.e] +V(k),
where V (k) includes all the terms involving at least one k1. Since V (k) does

not affect our analysis of the stability of the vacuum, we do not need it explicitly.

The vacuum expectation values are (s) = vg, (¢) = v3/v/2 and (T) = vs.

(—/J:g + 2/\0’03 + 251’0%)2’00 — ﬂ2v3v§ =0 ’ (for 'UO)
—,LL% + /\2v§ + /\23’0% — 2B9v3v9 =0 (for ‘Uz)
(‘#g + 2A3’U§ + /\23’0§/2 + 2ﬂ1'U§)2’U3 - ﬂzvo’v% = O (for v3) .

Using these relations, the singly charged mass—squared matrix for the ordered



basis of ¢4, hy, T4 and T* can be written as

16bsugus —4luz —2us3 — 4bsug —2ug3 + 4boug
a 21 0

1+wu§_s;,,.,g+2.,2z—g —4l'u§ — 8b1'u,(2)

SR
Note that T, and T* are independent complex fields. Here a common factor
M? = XNy,w3/4 has been taken away and ug3 = v0,3/v2, L = A/Ays, I' = A/,
b1 = B1/Xy3, by = B2/Xy; and @ = (p? + A1w2/2 + A13v2)/M?%. The mass matrix
is of course symmetric. We have assumed all the couplings to be real. It is easy
to check that the Goldstone boson is proportional to the vector (1,0, 2u3, —2u3)
which has zero eigenvalue. When the singlet is not introduced, then effectively
by = by = 0, and the 2 x 2 block of indices T, and T* has a negative determinant.
This implies that the matrix has at least one negative eigenvalue and the vacuum

is unstable.
When the singlet is included, it is easy to see that this technical difficulty is

avoided by taking some special, but resonable, limit for some of the parameters.

For u3 « ug and 8b; ~ 2by ~ 1, the mass matrix reduces to

0 O —4bsug 4bouyg
a 0 0
—8b1u(2) -+ 2b2u0/u3 —8b1u(2)

—8b1u(2) + 2b2’u.0/’lL3

To a good approximation the nonzero eigenvalue are a and 2byug/u3 with double
degeneracy. Any off diagonal elements can be treated as perturbation to these
values. Therefore the vacuum is a true minimum. However, u3 < ug is in no way

a necessary condition. Solutions with u3 ~ ug may also exist.
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Note that in order to enhance the amplitude of (88)o,, light charged Higgs
bosons H i+ are preferred in Eq. (8). Since the coupling gees of the Majoron J to
the electron is only one-loop suppressed as shown in Fig. 4, a light H;" presents
a potential problem with the astrophysical bound geey < 107!2. It turn out that
the introduction of the singlet s also allows us to avoid this problem. If we assume
vg > v3, then the one-loop diagram in Fig. 4 will be further suppressed by a
factor of v3/vg. Therefore, a light M g+ can be easily accomodated. How‘ever,
this is not the full story because Im s can also have one~loop and off-shell mixing
with Im ¢o through the coupling §; in the Higgs potential H. This results in
the derivative coupling of the Majoron to the electron. Assuming (3 is real, such

term will give rise to couplings:

Re s Re ¢9 ¢ (T- —T.)+ Im s Im ¢o ¢ (T- +T7)

—1 Re s Im ¢ ¢ (T- — T%) +1Im s Re ¢o ¢+(T- +T7) + h.c.

Since T_ £ T} are orthogonal combination, if they do not mix with each other,
the one-loop and off-shell mixing between Im s and Im ¢¢ will be zero. The
dominant contribution to their mixing is provided by the #; coupling. By this

observation, the one-loop coupling of Im s to the electron is estimated to be

)6225] me'vg

1672 Mq‘% ’

where the mass scale Mzzs of T4 is estimated to be ﬁzv%vo/v;;. Therefore the

coupling of J to the electron due to Im s is about

1212 (T:_z> (':_D 26—2)

~1072.1072.107%.107%. 1~ 10713
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While the contribution due to Im T in Fig. 4 is

() (2) s
1672 mﬁ_ Vg

for v3 ~ 10 GeV, my4 ~ 20 GeV, A ~ 31 ~ 1072. They both satisfy the astro-

physical bound of 10712,
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FIGURE CAPTIONS
The “standard contribution” to (88)¢ through the neutrino mass.
The two-loop diagram for the Majorana neutrino mass.

The diagram for the (88)o, mediated by the charged Higgs bosons.

A typical one—loop diagram for the induced majoron coupling to the elec-

tron.
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